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Preface 


The final report is written in two volumes. 
In the first volume we present the design 
philosophy of the new lobe mixers tested, 
and then analyze the results of various 
acoustic and aerodynamic tests done at 
NASA Lewis Research Center, Cleveland, 
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ill 


Ohio and Aero Systems Engineering 
FluiDyne Laboratories, St. Paul, Minnesota 
over a period of three years (1995-1997). 
The second volume is a compilation of data 
from the plume survey and the aerodynamic 
data for the acoustic tests. 
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Part 1 


Plume Survey Data 


Von D. Baker 
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SUMMARY 


During December 1996 and 1997, exhaust 
plume survey measurements were taken on 
several scale models of Rolls-Royce 
Allison exhaust acoustic mixer designs with 
the objective of reducing the take-off and 
approach noise signature of advanced civil 
turbofan engines. The plume data was 
plotted and analyzed for Rolls-Royce 
Allison by Allison Advanced Development 
Company (AADC) from the NASA data 
files transmitted to Rolls-Royce Allison. 


These tests were conducted at the NASA- 
LeRC as part of the AST program under 
contract NAS3 27394, Task Order 6. The 
purpose of this report is to present the plume 
data analysis of immediate interest to Rolls- 
Royce Allison Acoustic Design Group. 
Additional plume data analysis is also 
provided in Part 2. Data plots and pertinent 
comments are presented in the following 
order: 


1. Plume Velocity Data Plots 

1.1 Maximum “centerline” velocity 
decay 

1.2 Selected velocity profiles at 
x/D=0.2 

1.3 Selected velocity profiles at 
x/D=1.0 

1.4 Selected velocity profiles at al! 
x/D values from 0.2 to 10.0 

1.5 Typical “Jet Wake Diagram” 


2. Plume Total Temperature Data Plots 
2.1 Maximum “centerline” Tt decay 
2.2 Selected Tt profiles at x/D=0.2 
2.3 Selected Tt profiles at all x/D 
values from 0.2 to 10.0 


3. Conclusions 
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1.0 Plume Velocity Data Plots 


Selected plume velocity data plots are 
presented as shown in Figures | to 59. The 
plume velocity was calculated by NASA 
from the measured total pressure (Pt), static 
pressure (Ps) and total temperature (Tt) 
values at each measurement step taken in the 
plume. From isentropic flow equations, the 
sonic velocity and local Mach number at 
each step was calculated and then converted 
to the local plume axial velocity in ft/sec. 


A simplified sketch of the NASA traversing 
rake assembly and measurement axis 
definition is shown in Figure A. The 
rectangular array traversing rake assembly 
consisted of one vertically aligned set of Pt 
rakes, one vertically aligned set of Tt rakes, 
and two vertically aligned sets of Ps taps, all 
aligned in the “Z” direction. In operation, 
the array was positioned at different axial 
distances from the nozzle exit plane, or x/D 
values, and then traversed across the plume 
using a motorized drive. The “x” value is the 
axial distance in inches and “D” is the 
nozzle exit diameter of 7.250 inches 
nominally. 


The x/D values varied from a minimum of 
0.2 to a maximum of 10.0. A full survey 
consisted of x/D values of 0.2, 0.5, 1.0, 3.0, 
5.0, 7.5, & 10.0. At each x/D location either 
a “full” traverse or partial traverse of the 
“center” region (or lateral sweep) by the 
rectangular array across the plume was made 
in 1/4” steps in the “Y” direction. The data 
was acquired in an over-lapping manner 
such that a corresponding measured Pt, Tt, 
and Ps value was obtained for each data 
point location in the Y-Z measurement 
plane. 


A “full” survey typically swept from left to 
right a “Y” distance of -4.75 inches to +4.75 
inches from the center of the array. In order 


to conserve testing time, a “center” traverse 
was also used for several x/D values that 
would typically vary from -0.75 inches to 
+0.75 inches. The vertical or “Z” sweep 
was constant at -5.00 inches to +5.00 inches, 
with 1/4 inch spacing between adjacent 
probes, in all cases being defined by the 
spacing built into the array. 


The respective fan and core nozzle pressure 
ratios (NPR) and total temperature ratios 
tested were selected to simulate different 
take-off thrust settings of an advanced 
turbofan engine for two typical aircraft 
installation cycles, referred to as the “F” and 
“G” cycles, and a growth engine cycle, 
referred to as the “H” cycle. The test 
conditions are summarized in Table |. To 
simplify the discussion, the test conditions 
are hereafter referred to by the core NPR 
value. 


A free stream take-off Mach number of 0.2 
was simulated by placing the test mixers 
inside a large circular pipe which discharged 
ambient air over the mixers to simulate 
forward flight effects. 


The 1996-97 NASA plume tests included 
the five mixers listed in Table I. Due to 
testing problems, it was not possible to test 
all mixers over the same range of test 
conditions. Also, all mixers were tested with 
a common baseline exhaust nozzle with a 
reference or “100%” mixing length. The 12 
lobe baseline mixer (12CL) was also tested 
with a shortened “50%” length nozzle of 
reduced mixing length. 


1.1 Maximum “centerline” velocity decay 


Figures | through 8 were plotted from the 
data files for selected mixer configurations. 
These plots show the decay of the maximum 
profile velocity at each x/D value tested, 
normally from x/D of 0.2 to 10. 


NASA/CR—2002-210823/VOL2 


The maximum velocity was obtained by 
visually scanning the velocity data file for 
each x/D value data set. In most cases, as 
expected, the maximum velocity was found 
to be at the center of the array which was 
intended to coincide with the nozzle 
centerline location. In some cases, the 
maximum velocity was found to be located 
at a slightly off-center location in the array. 
This off-setting of the profile may be due to 
a shift in the alignment of the 
instrumentation array relative to the nozzle 
centerline, when the nozzle is flowing. 


Figure | compares the maximum velocity 
decay for each mixer at the 1.39 core NPR 
condition. In general, all of the mixers 
exhibit a constant maximum velocity core 
length of about 1 diameter, except the 12 
lobe baseline mixer (12CL) with 50% nozzle 
length. Beyond this length the core begins to 
decay at a somewhat linear rate when 
plotted on the logarithmic abscissa scale. 
The 20 lobe deep mixer (20DH) exhibits 
lower velocities than the other mixers; 
however, surprisingly, the 20 lobe 
unscalloped mixer (20UH) which was only 
tested up to x/D of 1.0 shows the lowest 
velocities. 


Figure 2 shows the effect of the 1.54 and 
1.74 core NPR schedule for the 12 lobe 
baseline mixer (12CL) and 20 lobe deep 
scalloped mixer (20DH). Trends similar to 
the data in Fig. 1 are noted; however, the 
velocity levels are increased which reflect 
the higher NPR schedules. Again, the 20 
lobe deep scalloped mixer (20DH) exhibits 
the lowest velocities. Note that in both 
Figures 1 and 2, the plume velocity tends to 
converge to the same value for all mixers, at 
a given NPR schedule, at x/D of about 10. 
This suggests that the benefit of the mixer 
geometry in affecting the velocity decay 
diminishes beyond x/D of 10 and is 


primarily controlled by approaching the 
ideal mixed velocity (conservation of mass, 
energy, and momentum) which 1s a function 
of the bypass ratio (BPR) and total 
temperature ratio of the fan and core stream. 


Figures 3 through 8 show additional 
maximum ‘“‘centerline” velocity plots at 
other selected conditions with trends similar 
to those noted above. 


1.2 Selected velocity profiles at x/D=0.2 


Figures 9 through 18 show typical velocity 
traverses at x/D=0.2 which was the nearest 
measurement x value to the nozzle exit 
plane. The vertical height , Z, plotted on the 
abscissa scale represents the probe locations, 
typically in 1/4 inch spacings, above and 
below the nozzle centerline. Thus, the true 
orientation of the velocity profile can be 
obtained by turning the plot 90 degrees such 
that the velocity scale is along the horizontal 
(centerline) direction. 


Note that the nozzle exit diameter is 7.250 
inches for all plots. Thus the location of the 
nozzle exit relative to the “Z” scale can be 
noted at a value of + and - 3.625 inches (the 
nozzle radius). Velocities outside the nozzle 
radius are thus indicative of the free stream 
flow conditions and boundary layer on the 
external diameter of the nozzle. 


The plotted “Y” values represent the 
traverse location, in inches, of the rakes. 
Figure 9 shows a typica “center” survey 
with Y values from -0.75 inches to +0.75 
inches on either side of the center meridian 
plane. Thus a Y value of 0.0 represents the 
plane containing the nozzle centerline. 
Figure 10 is the same condition as Figure 9 
but shows a typical “full” survey in the 
direction with Y values from -4.75 to 
44.75; however, for clarity some of the in 
between Y values were deleted. Figure 11 
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shows a “full” survey with the maximum 
number of Y values that can be plotted by 
Excel, in this case, from Y =-4.75 to Y¥=3./5 
( values from 3.75 to 4.75 were deleted due 
to plotting restrictions). 


One way to understand the velocity profiles 
is to visualize a knife making parallel slices 
through a round cake. Thus near the edge of 
the cake (i.e., Y= +/- 3.5 inches) the “slices” 
are more narrow, parabolic shaped whereas 
a slice at the center diameter of the cake 
(Y=0) defines the maximum width of the 
cake. i.e., the plume. 


It should be noted that since the data were 
taken in a rectangular array, as selected by 
NASA, a rectangular array or “slices” was 
therefore the most cost-effective way to plot 
the plume data. Some surface plots are also 
included. 


The Y traverses at x/D of 0.2 show a 
relatively complex but basically symmetrical 
velocity profile about the nozzle centerline. 
Some general observations can be made by 
comparing the profiles in the following 
figures as shown in Table il 


Referring to Figure 10, a relatively “flat” 
velocity profile is noted for the 20 lobe deep 
mixer (20DH) at around 800 ft/s, with a 
maximum velocity “peak” to just under 
1000 ft/s occurring at the centerline. A more 
complex velocity profile is observed for the 
12 lobe baseline mixer (12CL) in Figure 12, 
with a center “peak” and two basically 
symmetrical outer “peaks” with velocities 
from about 950 ft/s, dropping to a “trough” 
of around 750 ft/s and then increasing to the 
maximum centerline velocity of just over 
1000 ft/s. A similar trend is noted in Figure 
13 for the baseline mixer with 50% length 
nozzle except the corresponding peaks are 
about 50 ft/s higher suggesting less mixing 
with the shorter length nozzle. The tongue 


mixer, Figure 18, exhibits a velocity profile 
characteristic between the 20 lobe deep 
mixer (20DH) and the 12 lobe mixer with 
less peaking observed on the outer two 
peaks, but about the same centerline velocity 
of just over 1000 ft/s. 


The other plots in this section are for 
different NPR operating conditions and, in 
general reflect the same trends as noted 
above with the velocity levels increasing 
with increasing NPR values and conversely. 


1.3 Selected velocity profiles at x/D=1.0 


Figures 19 through 25 show the changes in 
the velocity profile at x/D=1.0. The main 
change in the profile, for a given NPR 
schedule, appears to be more mixing at the 
outer edge reflected by the tapering inwards 
of the outer profile towards the center with 
some small reduction in peak velocities 
compared to the profile at x/D of 0.2. 
Figure 20 shows this tapering in of the outer 
profile for the 12 lobe mixer (12CL) at 1.39 
NPR)core, with a corresponding peak 
centerline velocity of about 1050 ft/s. 
Increasing the NPR)core value to 1./4 
(Figure 23) resulted in peak centerline 
velocities approaching 1400 ft/s for the 12 
lobe baseline mixer (12CL), dropping to 
around 1250 ft/s maximum for 1.54 
NPR )core (Figure 24). 


1.4 Selected velocity profiles at all x/D 
values from 0.2 to 10.0 


Figures 26 through 59 show typical 
examples of the transformation of the 
velocity profile from x/D of 0.2 to x/D of 
10.0 for several NPR operating conditions 
and mixers. In general, the profile decay is 


somewhat similar in each case in terms of. 


profile shape transformation. The discreet 
effects of the mixer geometry on the plume 
velocity profiles can usually be discerned at 
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x/D values from 0.2 up to around 3.0 to 5.0. 
Beyond this x/D distance, the profiles show 
more similarity with less individualized 
profiles due to the mixer geometry. 


Figures 41 through 46 show the profiles for 
the 12 lobe baseline mixer (12CL) as an 
example which show the coalescence of the 
three distinct velocity peaks at x/D of 0.5 
(Figure 41), to the leveling off of the outer 
peaks at x/D=3.0 (Figure 43), to the 
“parabolizing” of the contour to one center 
peak at x/D=5.0 (Figure 44), and a gradual 
decreasing of the parabolic-shaped profile to 
a lower velocity level (Figure 46) at 
x/D=10.0. This general trend in the plume 
profile transformation occurred for all 
mixers with velocity levels changing with 
NPR levels as noted previously. 


The symmetry of the velocity 
measurements, from the upper half to the 
lower half of the profile, generally show 
good agreement; i.e., the profile 1s observed 
to be basically “mirrored” within 
measurement accuracy from top to bottom. 
There are some exceptions to this, as, for 
example, shown in Figures 43 and 44. 
These figures show some “blips” in the 
velocity profile at Z=3.0 to 3.25 that 1s not 
the same “mirrored” shape as noted at Z=- 
3.0 to -3.25. It is noted that these blips occur 
at all Y values, at the same Z values of 
approximately 3 to 3.5, and this pattern also 
repeats at other x/D values and mixer types. 


1.5 Typical “Jet Wake Diagram” 


It is possible to use the velocity contour 
plots at each x/D value to construct what is 
referred to as a “jet wake diagram” for each 
mixer. Jet wake (or plume) diagrams are 
commonly included in the Military 
Specifications requirements for turbojet and 
turbofan engine model specifications to 
depict the extent of the engine exhaust 


velocity and temperature decay at SLS 
maximum thrust operation, or other 
specified conditions. 


The jet wake diagram shows lines of 
constant velocity (or temperature) decay as a 
function of the non-dimensional horizontal 
distance x/D, and vertical distance z/D (the 
same as r/D). Since the horizontal and 
vertical distance is non-dimensionalized to 
the same reference dimension, nozzle 
diameter, it is thus possible to “visualize” in 
proportion the plume velocity spreading rate 
and outer boundary when plotted in this 
manner. 


Figure 60 shows a typical example of a 
velocity jet wake diagram for the 20 lobe 
deep mixer (20DH). This diagram was 
constructed using the velocity contour plots 
at each x/D value by determining the z 
values corresponding to the values of 200, 
400, 600 ft/sec, etc. The z values were then 
non-dimensionalized to z/D for plotting vs. 
x/D. Curves drawn through = each 
corresponding constant velocity point yields 
the final jet wake diagram. Similar diagrams 
could be constructed for other mixers or 
operating conditions if desired. 


2.0 Plume Total Temperature Data Plots 


The total temperature rake array, as shown 
in Figure A, was used to measure the Tt 
values in the exhaust plume, in degrees R, 
and was traversed across the plume as 
discussed previously in Section 1.0. 


2.1 Maximum “Centerline” Tt Decay 


Examples of maximum “centerline” total 
temperature plots are shown in Figures 61 
and 62. These plots were generated in the 
same manner as the maximum velocity plots 
discussed earlier except the total 
temperature data files were scanned for a 
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maximum value, which, again, occurs at or 
near the nozzle centerline. 


Referring to Figure 61 for 1.39 NPR)core 
and 2.34 Tt)core/Tt)fan, the maximum Tt 
plots tend to exhibit the same characteristics 
as the maximum velocity plots, namely: an 
approximately linear decay (on logarithmic 
scale) at x/D values beyond 1.0; a merging 
of the plots at x/D approaching 10.0, and 
approximately 150 deg lower Tt, or 
advantage, for the 20 lobe deep mixer 
(20DH) compared to the 12 lobe baseline 
mixer (12CL) at x/D of 1.0. 


This lower temperature advantage 
significantly diminishes at x/D of 10.0 
where the data for all mixers tend to merge 
to the same Tt value which again illustrates 
the global effect of the ideal mixed 
temperature being a function of BPR and 
Tt)core/Tt)fan (conservation of energy) 
rather than mixer type. As can been seen, 
however, the 20 lobe deep mixer (20DH) 
does enhance the mixing, by reducing 
maximum temperatures at a given x/D, In 
the very near field from the nozzle exit up to 
about x/D of 5.0 where the global effects 
begin to predominate and determine the 
“fully mixed” temperature decay. 


Figure 62 shows the Maximum Tt decay for 
the 20 lobe deep mixer (20DH) at the higher 
1.61 NPR condition. The trends, compared 
to the 20L data in Figure 61, are basically 
the same except the very near field Tt levels 
in Figure 62 are about 100 degrees R hotter 
reflecting the increased Tt) core temperature 
and other flow condition differences. 


2.2 Selected Tt profiles at x/D=0.2 


Figures 63 through 65 show typical total 
temperature “slices” through the plume at 
x/D=0.2 for the 20 lobe deep mixer (20DH) 
and internal tongue mixer (12TH). Referring 


to Figure 63 for the 20 lobe deep mixer 
(20DH) at the 1.39 NPR)core condition, the 
Tt plots are characterized by a fairly 
significant evidence of mixing for “Z” 
heights greater than 1.0 inches. For a ig 
values less than 1.0 inch the profile begins 
to peak with a very rapid temperature spike 
developing at the centerline (Z=0) indicating 
significantly reduced mixing within this 
zone. 


Although the temperature spikes at the 
centerline are significant, the area within a | 
inch radius is less than 8 % of the nozzle 
exit geometric area, or conversely, 92% of 
the exit area has a significantly reduced, 
partially mixed, temperature. 


Figure 64 shows a similar temperature 
profile for the 20 lobe deep mixer (20DH) at 
the 1.54 NPR)core condition. The centerline 
maximum Tt is approximately 150 R deg. 
hotter reflecting the increased thrust setting 
condition. Figure 65 shows the same 
condition for the internal tongue mixer 
(12TH). Note that the centerline maximum 
temperature is about 70 degrees hotter for 
the tongue mixer, and the outer temperature 
zone show two smaller temperature spikes at 
about 700 deg. Rand a profile that 1s 
different than that shown for the 20 lobe 
deep mixer (20DH) in Figure 64. 


2.3 Selected Tt Profiles at all x/D Values 
from 0.2 to 10.0 


Figures 65 to 72 characterize the Tt profile 
for the 20 lobe deep mixer (20DH) at the 
1.54 NPR)core condition at x/D values from 
0.2 to 10.0, which illustrate significant 
temperature contour transformation as the 
plume undergoes mixing. 


At x/D of 0.2, nearest the nozzle exit, the 
characteristics described above are repeated 
in Figure 66. At x/D of 0.5, the profile has 
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not changed significantly, except the 
maximum “centerline” temperature is 
observed to have shifted slightly off-center 
to a “Z” value of 0.25 inches. 


At x/D of 1.0, Figure 68, the maximum 
temperature level continues to drop at the 
centerline, with a less noticeable change in 
the outer zones. Moving to x/D of 3.0 the 
mixing process causes a more significant 
“smoothing” of the outer zone with a very 
symmetrical, “bell” shaped profile being 
produced . 


Moving on to x/D values of 5.0, 7.5 and 
10.0, shown in Figures 70, 71 and 72 
respectively, the smooth “bell” shaped 
profile continues to reduce at the center zone 
and spread outwards. The contour 1S 
observed to be, within measurement 
accuracy, fairly symmetrical and does not 
exhibit any non-symmetrical “blips” as 
noted earlier in the velocity profiles. It is 
noted that while the temperature profiles 
appear to be very symmetrical, the center of 
the profile is shifted slightly in the positive 
“7” direction away from the nozzle 
centerline at x/D values of 0.5, 7.5 and 10.0, 
i.e., aS seen in Figure 72. The reason for this 
shift is not known, but may be related to the 
shift observed previously in the velocity 
profiles. 


3.0 Conclusions 


1. The 1996-97 AST Mixer plume testing 
has generated a very significant data bank of 
plume measurements for several Rolls- 
Royce Allison acoustic mixers. A small 
portion of this data, showing representative 
trends, has been presented in this report, 
and other plots, of specific interest, can be 
generated as required in the future. 


2. The plotted plume data show velocity and 
total temperatures that range from fairly 


complex contours near the nozzle exit to 
more smoothly “parabolic” or “bell-shaped” 
contours at x/D values of 10.0 as the mixing 
process approaches a more fully mixed 
condition. The benefit of the mixer 
geometry in enhancing the mixing process iS 
clearly shown by the reduced “core” length 
of the plume, typically about one nozzle 
diameter long, as compared to a classical, 
axisymmetric convergent nozzle where the 
core length is on the order of six to eight 
nozzle diameters long. 


3. While the effect of the individual mixer 
geometric designs can be seen in the 
maximum centerline velocity and 
temperature values very near to the nozzle 
exit plane, i.e. at x/D values generally less 
than 1.0, the mixer individual “signature” 
effects are significantly reduced as the 
centerline decay values tend to merge for all 
mixers at x/D approaching 10.0 and are 
influenced by the global mixing effects 
dictated by energy conservation at the given 
BPR and total temperature ratio of the test 
condition. 


4. The individual velocity and total 
temperature contours for all mixers show 
some general similarity as the contours are 
transformed by the mixing process with 
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increasing x/D position. In general, the 
profiles are symmetrical, from top to 
bottom, in the vertical measurement plane 
(as the “Y” value is traversed). Some 
symmetry anomalies were observed in the 
velocity profiles (in the “Z” plane) which 
may be due to bad probe data. Also, 
observed shifts in the maximum or 
centerline velocity and temperature values 
(‘Y’ value of 0.0) may be due to small 
misalignment between the hot nozzle and 
the plume rakes. 


5. The plume survey data will be very useful 
in future comparisons to CFD results in 
evaluating the accuracy of predicted plume 
temperature and velocity profiles. Also, the 
plume data should be of value in the analysis 
of the corresponding acoustic data taken 
with each mixer. In particular, the velocity 
profiles at x/D of 0.2 may be useful in 
obtaining an integrated average velocity for 
use in correlating with the acoustic data. 
Further work should also be expended in 
comparison of this database with other 
published plume data for forced mixers, if 
available. This database may also be of use 
in the design of infra-red (I-R) suppression 
exhaust nozzles where rapid temperature 
mixing is required to reduce the I-R 
signature. 


Table I Test Conditions for Mixer Piume Tests 









Mn)FS = (M(fj)) 














Table II 1995-96 Rolls-Royce Allison/NASA Mixers 


Miner Descrpion ——__[FstawiNonieTaneh[Commens 
With lobe sidewall cut-outs 
12 lobe baseline (12CL) 0% With lobe sidewall cut-outs 
20 lobe deep-scalloped (20DH) Common lobe design 


Internal tongue (12TH) 100% 12 pairs of tongues 










Table III Profile Comparison Examples 


20 Lobe Deep /100% L (20DH) 1.39 NPR)core 1 
12 Lobe B’Line/100% L (12CL) 1.39 NPR)core i 
12 Lobe B’Line/50% L (12CL) 1.39 NPR)core Bo 


Internal Tongue/100% L (12TH) 1.39 NPR)core wo 
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Axial Distance from Nozzle Exit Plane / Nozzle Exit Diameter, x/D 









0.2 Mn)FS; 1996 NASA-LeRC Acoustic 
V597 to V603 


12L Baseline Mixer w 50% Nozzle Length, 1.74 


Mixer/Plume Tests Rdg #s 


1.82 NPR)fan, 2.79 Tt)core/Tt)fan, 





NPR)core, 





Maximum “Centerline” Velocity Decay, 
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Part 2 
Additional Plume Survey Data 


Von D. Baker 
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SUMMARY 


The purpose of this part is to present the 
second phase of the additional plume data 
analysis which included: (1) non- 
dimensional plume total temperature and 
velocity comparisons, (2) selected total 
temperature color contour plots, and (3) 
comparisons of the earlier 1995 mixer 
plume temperature data with the 1996-97 
plume temperature data. 


The data, with pertinent comments, are 
presented in the following order: 


1. Non-dimensional total temperature and 
velocity comparisons 


1.1 Maximum “centerline” Tt / ideal 
mixed Tt for all mixers 

1.2 Maximum “centerline” velocity/ 
ideal mixed velocity 

1.3 “n” temperature parameter for 
selected mixers at x/D=0.2 

1.4 “yn” temperature parameter versus 


fan NPR at x/D=0.5 


2. Total temperature comparisons from 
1995 mixer plume tests 


by 


Total temperature contour plots for 

selected mixers and test conditions 

3.1 Contour plots for selected mixers 
from 1996-97 plume tests 

3.2 Contour plots for selected mixers 
from 1995 plume tests 


4. Conclusions 
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For the 1995 tests described in section 2.0, 
the rake assembly consisted of total pressure 
(Pt) and total temperature (Tt) probes but no 
static pressure (Ps) probes. Also, the nozzle 
used in the 1995 tests is the same as that 
used for the 1996-97 tests. Similarly, the 
nozzle/mixer test conditions are also 
described in Part 1 for the 1996-97 tests. 
The test conditions for the 1995 tests 
described in section 2.0 are given in Table 1. 
As in Part 1, to simplify the discussion, the 
test conditions are hereafter referred to by 
the core NPR values. 


1.0 Non-dimensiona! total temperature 
and velocity comparisons 


The maximum measured, i.e. “centerline” 
total temperature was non-dimensionalized 
by dividing by the Ty igeat mixea Where, from 
the energy equation: 


btey*T) tna") 


tf P fan 
tidealmixed — ( 
* ? 
Moret My C-mixed 


m = weight flow rate, cp = specific heat at 
constant pressure. 


1.1 Maximum “centerline” Tt / ideal 
mixed Tt for all mixers 


Fig. 1 shows the comparison of the 
maximum total temperature divided by ideal 
mixed total temperature versus x/D for all of 
the 1996-97 mixers at the 1.39 NPR)core 
condition. This shows the 20 lobe deep 
mixer (20DH) to have a low temperature 
ratio, but, as noted in Part 1, the 20 lobe 
unscalloped mixer (20UH) shows the lowest 
ratio but it only has data at three x/D values. 
Note that the ratios for all mixers tend to 
converge at x/D values near 10 which 
implies the location in the plume where 
centerline temperatures approach the ideal 


mixed temperature. Fig. 2 shows similar 
trends for the 20 lobe deep mixer (20DH) 
for the 1.54 NPR)core condition. Fig. 3 
shows a typical cross-section cut of the 
temperature ratio through the plume at 
x/D=0.2 for the Internal Tongue Mixer 
(12TH) which shows the same profile 
characteristics as reported previously in Part 
1, except for being normalized with respect 
to the ideal mixed velocity. 


Fig. 4 shows the same trend as Fig. | except 
for the higher operating condition of 1.74 
NPR)core which causes the peak 
temperature ratio levels to be higher than 
shown in Fig. 1. Note that the temperature 
ratio for all mixers again approaches | near 
x/D of 10. 


Fig. 5 illustrates schematically that the ideal 
mixed temperature is not the final 
equilibrium temperature for the plume. 
While the data shows that the ideal mixed 
temperature is reached at an x/D value 
approaching 10, the plume temperature must 
eventually reach the free stream ambient 
sink temperature to reach thermal 
equilibrium. While no plume temperature 
data was taken beyond x/D of 10, it is 
assumed that the plume temperature would 
exponentially decay to the sink temperature 
in a manner similar to that shown in Fig. 5, 
although the slope of the extrapolation may 
be flatter than shown. 


1.2 Maximum “centerline’ velocity / ideal 
mixed velocity 


Turning now to. the non-dimensional 
maximum “centerline” velocity 
comparisons, an ideal mixed velocity was 
defined as follows: 


1. Calculate the mass flow rate averaged 
mixed NPR: 
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(m * NPR) 


(m 


+ (m* NPR) jan 


+M jan ) 


core 


NPR 


mixed 
core 


2. Calculate isentropic velocity function 
from NPR) mixed and gamma)mixed, 
and calculated ideal mixed velocity 
using previously calculated Tt)mixed: 


NP R nixed = V ideal / i paneer 
—_ k 
V deat rs V ideal / dh eisea VL -mixed 


where Videa} is defined as the ideal “mixed” 
velocity. 


It is noted that other definitions of “ideal 
mixed” velocity could be defined. For 
example, the ideal unmixed velocity of each 
stream can be calculated separately and then 
mass averaged to obtain a “mixed” ideal 
velocity. Another approach would be to 


calculate mJT, ((P,A,,) for the mixed 


stream at the nozzle exit plane to obtain the 
velocity function which is then converted to 
ideal mixed velocity using the ideal mixed 
temperature as per above step 2. The “ideal 


mixed” velocity calculation method 
selected, while not claiming to be rigorous, 
is felt to be adequate for relative 
comparisons. 


Figs. 6 and 7 show the measured maximum 
velocity divided by ideal mixed velocity for 
the 20 lobe deep mixer (20DH) and 12 lobe 
mixer with cutouts (12CL) at the 1.54 and 
1.74 NPR)core operating conditions 
respectively. A characteristic decay similar 
to the non-dimensional Tt decay discussed 
previously is noted. The 20 lobe deep mixer 
(20DH) shows lower values compared to the 
12 lobe mixer with cutouts (12CL), but, 
again the two mixers tend to converge near 
x/D values approaching 10. The curves tend 
to cross the ideal velocity (scale reading of 
1.00) at x/D values of around 8.0, as 


opposed to the previous temperature 
comparisons showing ideal mixed 
temperature levels being attained near x/D 
of 10.0 


1.3 ‘1 temperature parameter for 
selected mixers at x/D=0.2 


The non-dimensional _ total 
parameter, 1, is defined as: 


temperature 


t-measured aes fan ) 


Cone = ee ) 


1 is thus seen to vary between 0.0 and 1.0 
since the measured Tt will either be equal to 
or greater than the fan Tt or equal to or less 
than the core Tt. This parameter is used by 
ASE FluiDyne as a non-dimensionalizing 
temperature “tracing” parameter in 
correlating data from dual flow model tests 
involving mixers, thrust-reversers, etc, to 
full-scale conditions. 


If, for a given configuration, j is known 
from a model test, a corresponding full-scale 
“measured” temperature can be solved for 
by substituting into the 7 equation the 
corresponding full-scale core and fan Tt 
values provided the full scale unit 1s 
operated at the same NPR and BPR values 
as the model. Thus, n-correlations are of 
interest for applications of the test mixers to 
other operating conditions. It should be 
noted that for the 1996-97 NASA plume 
data shown here, the temperature data was 
obtained with an external free stream flow 
simulation of 0.2 Mach number. Thus any 
application of the 1 values to other mixer 
flow conditions would implicitly include 
this free stream simulation. The 0.2 Mach 
number external flow effect on plume decay 
does not appear to be highly significant in 
the near-field plume for x/D values up to 
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10.0 except locally along the outer plume 
mixing boundary. 


Figs. 8 through 10 show the 7 distributions 
for the mixer with cutouts (12CL), at 100% 
and 50% nozzle length, and the internal 
tongue mixer (12TH) at the maximum test 
condition of NPR)core = 1.74 at x/D = 0.2. 
The 20 lobe deep mixer (20DH) was not 
tested at this condition at x/D = 0.2, but was 
tested at x/D = 0.5 as shown in Fig. 11. 
Previous comparisons of the Tt distnbutions 
from Part | do not show significant Tt decay 
between x/D of 0.2 and 0.5; thus, including 
Fig 11 with the other data comparisons af 
x/D of 0.2 is probably valid. In general, the 
n distributions reflect the same trends 
exhibited by the Tt distributions reported 
earlier in Part 1. This includes a rapid center 
spike, indicating temperatures approaching 
the core temperature near the centerline of 
the mixer, with an outer symmetrical 
“valley” profile followed by smaller 
“peaks”. The mixer with cutouts (Figs. 8 and 
9) exhibiting the highest amplitude from 
“valley” to “peak”, followed by the internal 
tongue mixer (Fig. 10). The outer peaks and 
valleys were significantly reduced in 
amplitude for the 20 lobe deep mixer 
(20DH) (Fig. 11), again reflecting the 
previous Tt trends. 


Fig. 12 shows a completely non- 
dimensionalized n plot for the internal 
tongue mixer where both the Z and Y 
dimensions have been normalized by the 
nozzle diameter, D. Although the n values 
in Fig. 12 are for NPR)core = 1.54, the 
distribution trends are very similar to those 
shown in Fig. 10 for NPR)core = 1.74. 


Figs. 13 and 14 show 7 distributions at the 
NPR)core = 1.39 condition for the 20 lobe 
deep scalloped mixer (20DH) and 20 lobe 
unscalloped mixer (20UH) at x/D=0.2. Note 
that the unscalloped mixer, 20UH, (Fig. 14) 





shows a slightly lower n value (lower 
measured Tt) at the centerline, as discussed 
earlier, compared to the 20 lobe deep 
scalloped mixer (20DH) (Fig. 14); however, 
note also that the 1 distributions in the 
annular areas where the mixers are located 
show less mixing occurring for the 
unscalloped mixer (20UH) (more outer peak 
amplitude) compared to the deep scalloped 
mixer (20D H). 


Comparing Figs. 13 and 14, by inspection it 
would appear that an integrated average 1 
value (area under the curve) for the deep 
scalloped mixer (Fig. 13) would be less than 
the corresponding average 17 for the 
unscalloped mixer (Fig. 14). If true, then 
the 20 lobe deep mixer (20DH) would 
exhibit greater mixing for all “outer” annular 
zones ( Z values greater than + or - 1.0 inch) 
except near the centerline of the mixer. 


While the deeply scalloped mixer (20DH) is 
intuitively believed to have better mixing 
capability than the unscalloped mixer 
(20UH), a presumption which is also 
suggested by the 1 comparisons in the outer 
zones of the plume, the reason for 20DH 
mixer’s slightly higher maximum centerline 
yn (and Tt) values is not immediately 
obvious. 


It should also be noted that the small 
negative 1 values shown on the above 
figures is the result of temperature survey 
measurements extending outside the plume 
and into the external free stream which has a 
measured Tt value slightly lower than the 
fan stream Tt. The cross-over between 
negative and positive 1 values is thus 
indicative of the approximate location of the 
plume outer boundary. 
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1.4 “ny” temperature parameter versus 
fan NPR at x/D = 0.5 


Fig. 15 compares the effect of the fan NPR 
on the maximum centerline y value at 
x/D=0.5 for the 20 lobe deep mixer 
(20DH), internal tongue mixer (12TH)and 
12 lobe mixer with cutouts (12CL)s. Note 
that the core NPR and Tt)core/Tt)fan ratios 
are also changing according to the scheduled 
test values as the fan NPR changes. Thus, 
the 1 values plotted reflect the combined 
effect of all three flow variables changing 
simultaneously along 4a scheduled 
characteristic to simulate the engine thrust 
variation as described in Part 1, page 3. If 
the fan and core NPR values had been held 
constant, and only the Tt ratio varied, the n 
values would have been expected to be 
essentially constant in keeping with the non- 
dimensional characteristic of the 7 
parameter. 


In terms of maximum 7 levels, Fig. 15 
basically reflects the same trends seen 
previously in the Tt plots, 1-€., the 12 lobe 
mixer with cutouts (12CL) has the highest 7} 
values, the 20 lobe deep the lowest, and the 
tongue mixer being slightly lower than the 
12 lobe mixer with cutouts (12CL). 


2. Total temperature comparisons from 
1995 mixer tests 


During September, 1995 tests were 
conducted at NASA-Lewis to measure 
plume Pt, and Tt data, and velocity (from 
LDV measurements), for the four mixers 
listed in Table I. Only the total temperature 
data was examined and reported below. 


The 1995 tests used the same 100% length 
nozzle with 7.250 inch exit throat diameter 
as used in the 1996-97 plume testing. Only 
one set of flow condition was tested for the 
1995 tests as given in Table I, which 1s the 





same as the “Cycle F”’ conditions tested in 
1996-97 except for the free stream Mach 
number values of 0.1 and 0.3. compared to 
0.0 and 0.2 for the 1996-97 tests. 


The 1996-97 Plume tests included the five 
mixers listed in Table TI of Part 1. The 1995 
Plume tests included four mixers as listed 
inn Table II below. | 


The 1995 plume tests were of limited scope 
compared to the 1996-97 tests, and do not 
contain as complete a database. For 
example, the plume was only surveyed to an 
x/D value of 4.0 which is basically just 
outside the potential core region. Thus 
essentially no significant data were obtained 
to define the plume decay characteristics. 
Also, there appears to be an alignment 
problem between the nozzle centerline and 
the corresponding center origin of the Tt 
measurements which is obvious when 
viewing the x/D profiles which are off-set 
approximately 1 to 1.5 inches from the 
center of the measured Tt array. 


Still the maximum Tt values were recorded, 
however, which minimizes the effect of this. 
Also, the Z dimension was not referenced 
from the nozzle centerline, but from the end 
of the Tt rake. This orientation is shown on 
each of the Tt plots presented below. The Y 
values are defined the same as in the Part | 
data, .i.e., the horizontal distance from the 
center of the array, which, as note above, 
may not be in alignment with the nozzle 
centerline. While this rake misalignment is 
unfortunate and frustrating, it is still possible 
to get a reasonable recording of the Tt 
profiles at each Y value except near the right 
edge of the plots where the data is cut off. 


Figs 16 through 20 show Tt profiles for the 
confluent mixer at x/D values of 0.1, 0.5, 
1.0, and 4.0. As expected, these profiles 
show a basically symmetrical “pipe flow” 
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profile for the hot core region dropping off 
to the cold fan Tt levels in the outer annulus 
areas. These profiles are, of course, 
significantly different than the typical lobe 
mixer profiles that are shown in Part I. Fig 
19 shows the Tt profile at x/D of 4.0, which 
has become more parabolic and 
symmetrical. Fig 20 is the same condition 
but a re-peat point which shows good 
repeatability in the data. 


Figs. 21 through 24 show Tt profiles at the 
same conditions as above for the 12 lobe 
mixer with cutouts (12CL). The profiles are 
similar from x/D of 0.1 to 1.0 exhibiting the 
high temperature center spike superimposed 
on the lower temperature peaks and valleys 
near the mixer as seen earlier in Part 1. At 
x/D of 4.0, fig. 24, note the similarity in 
profile parabolic shape with the data in fig. 
90 for the confluent mixer, but note that the 
former has a significantly lower maximum 
centerline Tt and a flatter parabolic shape 
due to the mixing enhancement from the 
lobes. 


The mixer with cutouts from the 1995 plume 
testing was also re-tested during the 1996-97 
plume testing. The repeatability of this re- 
testing is compared at x/D=0.5 in Fig. 22 for 
the 1995 test and in Fig. 25 for the 1996-97 
test. The free stream Mach number was 0.3 
for the 1995 test data in Fig. 22, and 0.2 for 
the 1996-97 data in Fig. 25. Also, of course, 
the Z dimension to the Tt probe 1s 
referenced differently in the two tests as 
mentioned earlier which means the data in 
Fig. 22 is not centered correctly relative to 
the nozzle centerline. However, comparing 
the two sets of data it is noted that the peak 
centerline Tt values are approximately 1210 
CR for the 1995 test and 1171 °R for the 
1996-97 tests. The ambient Tt was 
approximately 46 degrees hotter for the 
1995 tests, but the free stream Mach number 
was 0.1 higher. Both differences may have 


some influence on the max. temperature 
differences. The Tt profiles appear to be 
similar in both tests in regard to the outer 
peaks but some differences are noted in the 
outer valleys, and at other off-center Y 
values, that are not immediately understood 
and are noted here for future reference. 


Figures 26 through 29 show Tt profiles for 
the 12 lobe unscalloped mixer (12UH) at 
x/D values of 0.1, 0.5, 1.0, and 4.0. Similar 
trends as noted above for the 12 lobe 
baseline (12CL) are also seen for the 12 lobe 
unscalloped mixer (12UH) for x/D values up 
to 1.0 except that 12UH shows lower 
maximum Tt values. A more significant 
profile difference was noted at x/D of 4.0, 
comparing Fig. 24 with Fig 29, wherein the 
12 lobe unscalloped mixer (12UH) shows a 
convex or “bowed” out profile for Z 
distances outside the central high 
temperature spike and the 12 baseline shows 
the concave or parabolic profile in the same 
region. Also a nonsymmetrical “dip” in the 
left side of the 12 lobe unscalloped profile, 
in Fig. 29, where the center spike region 
begins to develop appears to be a local 
anomaly in the data. 


Figures 31 through 33 show Tt profiles for 
the 16 lobe unscalloped mixer at x/D values 
of 0.1, 0.5, 1.0, and 4.0. The data shows the 
usual center peak as seen in the other lobe 
mixers but at a lower Tt maximum value 
than the 12 lobe baseline or 12 lobe 
unscalloped mixer (12UH). A more complex 
peak and valley profile sub-structure 1s 
noted, presumably due to the increased 
number of lobes, for x/D values up to 1.0. 
However, at the x/D value of 4.0, Fig. 33, 
the profile has a similarity to the convex 
profile noted for the 12 lobe unscalloped 
mixer (12UH), Fig. 29. 


Figure 34 summarizes the maximum 
“centerline” Tt decay for the 1995 NASA 
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test mixers for x/D values up to the 
maximum tested of 4.0. The significant Tt 
reduction provided by the lobe “forced” 
mixers over the confluent “free” mixer is 
apparent from Fig 34. The 16 lobe 
unscalloped mixer (16UH) had the lowest 
maximum Tt values being significantly 
lower than the 12 lobe mixer with cutouts 
(12CL). The corresponding Tt decay for the 
12 lobe unscalloped mixer (12UH) was 
about midway between the 12 lobe baseline 
mixer with cutouts (12CL) and 16 lobe 
unscalloped mixers. For comparison, the 
corresponding data for the 1996-97 NASA 
LeRC tests are shown in Fig.1 of Part 1. 


2.0 Total temperature contour plots for 
selected mixers and test conditions 


The X-Y total temperature data grid for 
selected mixers and test conditions was 
converted to an R-theta polar grid by 
processing the NASA data using the Field 
View program. Some interpolation of the 
data field is required, which is done by Field 
View, to fill in the required polar 
coordinates from the rectangular 
coordinates. The results of this conversion 
are contour plots of total temperature taken 
in a perpendicular “slice” across the plume 
as viewed looking downstream in the 
direction of flow. The temperature contours 
on these plots are thus more easily 
identifiable with the corresponding mixer 
lobe geometry. It should also be noted that 
the contour plots are presented in degrees F 
whereas all other plume temperature plots in 
this report are in degrees R. 


3.1 Contour plots for selected mixers 
from 1996-97 plume tests 


Figs 35 through 41 show total temperature 
contour plots for the 1996-97 NASA test 
mixers. Figs 35 through 37 show the data 
for the “full” survey taken at x/D=0.2 at the 


1.74 NPR)core condition for the 12 lobe 
baseline (12CL) with 100% length nozzle, 
12 lobe baseline (12CL) with 50% length 
nozzle, and the internal tongue mixer 
(12TH). Also superimposed on the contour 
plot is the nozzle exit diameter circle of 7.25 
inches for reference. 


Figs 35 and 36 readily show the spatial 
orientation of the mixer lobes and the center 
hot zone near the centerline for the 12 lobe 
mixer with cutouts (12CL). The temperature 
variation between the hot and cold side of 
the lobes, the relative degree of mixing that 
has occurred in the outer portions of the 
flow-field, and lack of mixing in the very 
central portion of the flow-field can be 
deduced from the temperature contours. Fig 
36, for the shorter 50% nozzle length, 
appears to show more radial higher 
temperature zones between the lobes 
suggesting less mixing than that shown for 
the 100% nozzle length in Fig. 35. Fig. 37 
shows similar data for the 12 pair internal 
tongue mixer (12TH) but indicates the 
presence of 12 distinct contours from the 
tongues with somewhat different interior 
mixing contours. 


Figs. 38 through 41 show the same type of 
contour data for the above mixers, plus the 
20 lobe deep scalloped mixer (20DH), taken 
at x/D of 0.5. These data were taken for a 
“center” survey where the Y value was only 
traversed from -0.75 inches to +0.75 inches 
as opposed to a “full” survey. While this 
data is more limited in scope, it shows the 
same general patterns as noted above. Note 
that the contour data for the 20 lobe deep 
scalloped mixer (20DH), shown in Fig. 41, 
reflects apparent increased mixing by virtue 
of the coalescing of the discrete contours 
around the lobes into a more uniform 
temperature flow-field. 
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3.2 Contour plots for selected mixers 
from 1995 Plume tests 


Figures 42 through 45 show total 
temperature contour plots for the confluent 
mixer, 12 lobe baseline mixer (12CL), 12 
lobe unscalloped mixer (12UH), and 16 lobe 
unscalloped mixer (16UH) at the stated 
NPR)core condition respectively. ‘The 
annular contours of the confluent mixer, 
shown in Fig. 42, are seen to be 
fundamentally less complex, and less mixed, 
than the typical contours generated by the 
lobed mixers as expected. Also, the 12 lobe 
unscalloped mixer (12UH) contours, Fig. 44, 
are different than those for the 12 lobe mixer 
with cutouts (12CL), Fig. 43. The 16 lobe 
unscalloped mixer’s (16UH) lobe pattern is 
reflected in the contours shown in Fig 45 
which appears to show more mixing 
penetration into the peak center area. 


4.0 Conclusions 


1. The 1996-97 AST mixer plume testing 
has generated a very significant database of 
plume measurements for several Rolls- 
Royce Allison mixers. Additional plume 
data, although more limited in scope, was 
also obtained for these mixers tested at 
NASA-LeRC during the first test series In 
1995. A small portion of this combined 
database has been presented in this report, 
and in Part 1, and other plots of specific 
interest can be generated as required in the 
future. 


2. The non-dimensional maximum 
“centerline” total temperature divided by 
ideal mixed temperature (temperature ratio) 
plotted versus x/D axial distance shows the 
same relative trends that were seen 
previously as reported in Ref.1. The 20 lobe 
deep scalloped mixer (20DH) and 20 lobe 
unscalloped mixer (20UH) show more rapid 
centerline decay than the 12 lobe baseline 


mixer (12CL) or internal tongue mixer 
(12TH). The temperature ratios for all 
mixers tend to converge at x/D values 
approaching 10 which suggest the axial 
location where the centerline temperatures 
approach ideal mixed temperatures. (See 
figs. 1 and 4) 


3. The ideal mixed temperature is not the 
final thermal equilibrium temperature of the 
plume which will continue to decrease, 
beyond x/D of approximately 10, to the free 
stream sink temperature. An extrapolation of 
the maximum centerline decay curve 
suggests that the ambient temperature level 
would be reached around x/D of 30, or 
higher, depending on the extrapolation used. 
(See fig. 5) 


. The non-dimensional maximum 
“centerline” velocity divided by the ideal 
mixed velocity (velocity ratio) plotted 
versus x/D shows a decay characteristic 
trend that is similar to the temperature ratio 
decay. It was observed that the velocity ratio 
plots tend to cross the ideal velocity level at 
x/D values near 8.0, whereas the 
temperature ratio tends to cross the ideal 
mixed temperature level at x/D values near 
10 (See figs. 6 and 7). 


5. The “ny” non-dimensional _ total 
temperature parameter was generated for 
several test and mixer conditions. This data 
may be useful for predicting full scale 
engine plume temperatures for given fan and 
core temperatures (See figs. 8 through 15). 


6. The 1995 plume data for 12CL, 12UH 
and 16UH mixers showed relative trends 
that are similar to those reported earlier for 
the 1996-97 plume data. As expected, the 
1995 data also showed the significant 
mixing enhancement superiority, as gauged 
by the maximum “centerline” temperature 
decay, provided by the lobe mixers over the 
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confluent mixer. (See fig. 34). The 16 lobe 
unscalloped mixer (16UH) exhibited the 
lowest maximum “centerline” total 
temperature levels of all mixers tested at a 
common comparison point (1.39 NPR core). 
It is presumed that this trend would also 
apply at the other test conditions although 
the data is missing to substantiate this. (See 
fig. 34 in this report and fig. 61 in Ref.1). 


7. The total temperature contour plots are 
helpful in visualizing the spatial orientation 
of the individual plumes from the mixer 
lobes and the center hot zone that was 
typical for all of the lobe mixers (See figs. 
35, 36 and 36). The basically annular 
temperature contours for the confluent mixer 
are, by contrast, seen to be fundamentally 
less complex and less mixed than those for 
the lobed mixers (See fig. 42). 


8. When comparing the maximum centerline 
temperatures of the plume, the variation in 
bypass ratio from mixer to mixer should be 
taken into account. In most cases the 
variation is small; however, the 16 lobe 
unscalloped mixer (16UH) resulted in a 
relatively higher BPR compared to the other 
mixers tested. This mixer would have a 
larger percentage of cold fan flow, which 
would have a more diluting effect on the hot 
plume temperatures in the region of the 
plume beyond the central hot core. This 
would in turn tend to reduce the mixed 
temperature decay based on simple heat 
balance considerations. Thus the lowest 
centerline temperatures recorded for the 16 
lobe unscalloped mixer (16UH) may have 
been primarily due to the higher BPR 
dilution effect rather than from superior 
mixer characteristics from the lobe design. 


Table I Test Conditions for 1995 NASA Mixer Plume Tests 


NPR)fan Tt)core/Tt)fan | Mach No., M(fj) 


2.34 0.1 &0.3 


















Table II 1995 Rolls-Royce Allison/NASA Mixers 


[100% With lobe sidewall cut-outs 











12 lobe baseline(*) (12CL) 


12 lobe Advanced (12UH) No scallops 
16 lobe Acoustic (16UH) No scallops 


(*) The 12 lobe Mixer with cutouts (12CL) was also re-tested during 1996-97 testing 
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FIGURE 1 


12 LOBE BASELINE MIXER-100% NOZZLE LENGTH 


TOTAL TEMPERATURE - F AT X/D = 0.2 
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1996 NASA-LeRC ACOUSTIC MIXER/PLUME TESTS 


READING NUMBER 1576 
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FIGURE 2 


12 LOBE BASELINE MIXER-50% NOZZLE LENGTH 


TOTAL TEMPERATURE - F AT X/D = 0.2 
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1996 NASA-LeRC ACOUSTIC MIXER/PLUME TESTS 


READING NUMBER T597 
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1996 NASA-LeRC ACOUSTIC MIXER/PLUME TESTS 


READING NUMBER T508 
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FIGURE 4 


INTERNAL TONGUE MIXER 


TOTAL TEMPERATURE - F AT X/D = 0.5 
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1996 NASA-LeRC ACOUSTIC MIXER/ PLUME TESTS 


READING NUMBER T532 
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FIGURE 5 


12 LOBE BASELINE MIXER-100% NOZZLE LENGTH 
TOTAL TEMPERATURE ~ F AT X/D = 0.5 
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1996 NASA-LeRC ACOUSTIC MIXER/PLUME TESTS 


READING NUMBER T578 
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FIGURE 6 


12 LOBE BASELINE MIXER-50% NOZZLE LENGTH 


TOTAL TEMPERATURE - F AT X/D = 0.5 
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1996 NASA-LeRC ACOUSTIC MIXER/PLUME TESTS 


READING NUMBER T598 
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FIGURE 7 


20 LOBE DEEP SCALLOP MIXER 
TOTAL TEMPERATURE - F AT X/D = 0-5 


940.0 





840.0 


740.0 


640.0 


540.0 


440.0 


340.0 


240.0 


140.0 





40.0 





p=7.25in.; NPRc#1.74; NPR£=1.82; TTc/TT£=2.79; M=0.2 
1996 NASA-LeRC ACOUSTIC MIXER/PLUME TESTS 


READING NUMBER T542 
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FIGURE 8 


CONFLUENT MIXER 
TOTAL TEMPERATURE - F AT X/D = 0.1 
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1995 NASA-LeRC ACOUSTIC MIXER/PLUME TESTS 


READING NUMBER T324 
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FIGURE 39 


12 LOBE CONVENTIONAL MIXER 
TOTAL TEMPERATURE - F AT X/D = 0.1 
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1995 NASA-LeRC ACOUSTIC MIXER/ PLUME TESTS 


READING NUMBER T355 
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FIGURE 10 


12 LOBE ADVANCED MIXER 
TOTAL TEMPERATURE - F AT X/D = JU. 
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1995 NASA-LeRC ACOUSTIC MIXER/ PLUME TESTS 


READING NUMBER T409 
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FIGURE il 


16 LOBE ACOUSTIC MIXER 
TOTAL TEMPERATURE - F AT X/D = JU. 








D=7.25in.; NPRc=1.39; NPRf21.44; TTc/TT£=2.34; M=0.1 
1995 NASA-LeRC ACOUSTIC MIXER/ PLUME TESTS 


READING NUMBER T378 


NASA/CR—2002-2 10823/VOL2 127 


SK OULIOLL ‘as '26/0¢/8 4=4"a CG 


Q/x ‘sayOUIAIG WX A/ZZON / BUL{d XJ 9/ZZON WI BOURSIC [EIXV 





| 


5) pexIW feepy 3. wnwxeyW 


(— ee ee, errr wee eee 


| SdOTIVIS dagq 102 X | 


| ANONOL WNYALNI dob —F—! 


HLONS) 
%OSANINASVE Tet 


y Baqry Seq 


NASA/CR—2002-210823/VOL2 


Hi 9ON31%001 ANINSASVS 
VEL om | 


pee eee ee 8 RG a Se nae A I tS 8 ON AIR 


4 
' 
i 


i 
i 
i 
a 
iH 
+ 
: 
‘ 


S1S@ | @UINIg / JOXIW DNSNOOY DYPTWSWN 966) :7'0=SA(UA ‘pe Z=ues(11/9400(1 
‘pp LsUR}YdN GE L=2s00(YdN ‘SJOXIW 102 8 ‘anGuo] jews ‘euljeseg 12) 10} Q/* 
‘SA aINjesEdWE | JE}O] PEXIW [Eap] 0} GINjesadWa |B}O] ,BU!VEIU9D, Wunuwuixey jo oneYy ‘ZL aunbi4 


zk 3uNDId 


128 


SPX PMPN -4AM °26/+2/8 JONeG CO 


Q/x ‘Ja;OUIVIG UXZ @{ZZON / BUC} UXZ O[ZZON WiOd} BOUE}SIQ [EIX'Y 


> 
+e 
RNR EA Sy eer ee ee eres AA ey ee : . = ei oe ge nn nnn enemme tS é sea ; : nr ee neg 
1 : 





SISA] GUN] / JAXIW DISNOIY OHS T-VSVN 9661 ‘Sa(UW 20 
‘ues 1 /as0a(LL Z9°Z ‘URN HdN L9'L ‘2409(HdN PSE ‘yjHua7] ajZZON %OOF ‘48x! deaq 102 40} 
C/X "SA aunjyeszadwsd] 810) PExXxiW /B9spt O} Sunjeiadwid| [2JO] ,,AUIABIUTH,, WINWIXEW 4O o1neYy 


el ayunois 


i 0 


y Beq/u Bed ‘11 PexiW 1eep! / 31 wnuIxeW 


NASA/CR—2002-210823/VOL2 


129 


oo 


Sf CHBEEDL Ot © 


JAGEG6R90 0) 


BSA CRPPED 0 -e-- 


‘7. 


8G eBpreo 


—LLSG9BB90'O- se 


Neerol CA ~~ 


er eeeeees Jed) SS a : sjeanseencupiusecudebaaceanny = Siboss 7 a a.” oS ne DBDs alaca he ayssscinahy «eins maken Cay Saeelavass ee mcenenan enssatte see tera ert ay 


SPCOLGLIXX:Al4 L6/9d/E JOXPG 0) 


21 UX AIZZON / 8UI{191U9D 2/ZZON WOdj 1YBIaH @qosd [BBA “GZ 


sie ot mo ‘0 20 me G 10 et eC tO on a0: 






ip? 


OGL 
#65PY ‘SISO SUIN{d J8XIW OYET-VSVN 9661 ‘Ur ePQ=xIWpI(L 'Z’O=S4(UW ‘269° |=Baew(HdN 
‘19° 1=ue}(HdN ‘PS 1=2109(HdN ‘Z°0=C/% 38 dems IL JBUOISUBUIPUON - Jex1W anbuo | jeusoyu| 


pi AYNODIS 


11 POXIN [eep! / 11 PeanseoWl “xXIWIPI LAL 


NASA/CR—2002-210823/VOL2 


130 


SX PMY “As “26/4Z/8 JaxeG “C 


Q/X ‘sa;OWEIG XQ O[ZZON / BUC} JX AZZON WO’ BdULISIG [eIXY 


Oy b 


| 
3AONOLIVNNBINI ZL | | 
: SdOTWOS d330 102 —F— | 
| HLOND1 %0S/SNINSSVe 1Zt : 


— HLONST%OOL/ENMTASV8 Zi —#— 


Net on eee ee ee erry 


| £3 
¢ 

{ 

~+- we 

Sie 

i 

: 

i 


| Es. 
al ! 

















$}S9] OUINId / J8XIW ONSNODY DYAT-VSVN 966) *S4(UIN 7°70 ‘62°7=UREL/as0901 
‘ZB L=UeK(YUdN ‘¥Z'}=8100(YdN ‘Suax]pw anBuo, jeusazul] Y daeq 107 “euUljaseg TZ} 404 
Q/X "SA anjesodwe] [2301 PEX|W [Bap] 0} aunyesedusa! [2j}0] ,,dujpi9zUSD,, UN XeW JO OEY 


Gl AYMNDIS 





wy 5eq py Baq ‘11 Paxiw leepy / 3] wWinluixeW 


NASA/CR—2002-210823/VOL2 


131 


£5/6/6 JOE O 














| | Mreece : ai 
pUsIquiR() | — acne a aan 


? 





Pe ee, ee 


ee 
cee ine ee Seale a mo a 


| 
* 
ence f 
| 
1 


pS Oe 


—-— 
‘ + 
‘ 
i 
} 


5 4 ; 
i é ; i : 
oa. ; ae : 
| Bil, laf Ro! | : 

on S : 
bce : | i ‘ 
a aan a 3 
a a . ee | i 
eo on | | | | 
ie ea ee ek Seve SS ee we foe 
a a } t 
ee er ' | 
Papa! 4 3 | 

_ ae 

aes | | 
i a oe os : 

Pg Bid 

> > 1 + 


cn ea - 


ainjesoduia| YUulg JuaIquiy 0} Aesaq ainjesodway (eyo, WwNwWixey jo uonejodesyxy jo ajdwexy 


9+ 3YHNDIS 





4 Baq ‘ainjesadwal |e3OL LUN LUXE LA 


132 


NASA/CR—2002-2 10823/VOL2 


SIX LAIATOA (AMA '26/92/8 HOXeR CO 


Q/x ‘saaWeIG a|ZZON / GUL} UXF 9/ZZON WO} BdUEISIG jeixly 


AIZZOKQ; 25001 JOXIW BunNsseg Idt 


cyt | 
JOXYAER CE We -—-e— | 


$A cp ee es Pe ms cai eeeeesesoneee & vas abasnny “epebcbotecibensiestansndvenses:decedanasreenes> : sf sacina dhe daelisp ¥al dxioepeaaha vgpsece cc acnsane dares + * ee er mee 





SISA] swWINid / J8XHW ONSNOSY DYA7 


-YSVN 9661 :S4(UN 20 ‘UeN(TL/9409(11 Z9°% ‘ue}(HdN LOL 
71Z| pue daag 707 10) AWOOISA PSXIW Jeep! OF APLIOISA ,, 


Zt aWNDId 


‘QJ00(H dN PS'| ‘S4OX1IIN SUl|OSeg 
auljjojuay,, WNWIXeyW JO ONEY 


AVDOIBA 
poXxIW |Beapt / AHIOISA LUNWIXBIN paunseoW 


NASA/CR—2002-210823/VOL2 


133 


SK LIAIOA (U4 :£6/62/8 JOXeE “OC 


C/x ‘saBWeIG BIZZON / ULI, WXF BZZON Ws} BOULYSIC [EIXY 


UIBUG] @IZZON 8.0G JAX aUpESeA 11 
(ABUA aZZON SCOOL UAXIY AUNASPG Joo OV es 
SKI a8] 107 —e— eae ep eM CO cates ghee 


AYIOISA 
paxiy ieep| / AoojeA WNWIxeW Peinseelt 





— £4 


S]S9] SUN] d/JaXIW ONISNOSY DHE 


“YSYN 9661 ‘SA(UIN Z'0 ‘URAL 2109001 622 ‘URN HdN 784 ‘SIOX(HN PZ'L ‘SJOXIW SUl]Eseg 
1Z| pue daag 10z 40) A90;aA PaXIW jeap! OF APOOISA ,,auIJBJUSD,, WNWIKEW JO ONE 


Bl aHNDIA 


134 


NASA/CR—2002-210823/VOL2 


SIXRISQ/JG LL CAI -26/81/8 84eq O 


SQUIU] ‘QUIJIDJUSD B[ZZON WI} PYHIOH [IPO ‘Z 











O/SLL # 
Bpy ‘sise, awinyd/Jaxt DNSNODY DHAT-VSVN 9661 ‘SA(UINZ'O ‘ue(tes00(! 62'Z ‘URKHdN 
79°] ‘a109(HdN bZ'L ‘y}Gua ajZZ0N %OOL ‘7°0=C/X 18 JOXIW aUlLaSeg 12} 10} UOLINGHISIG Fl3 


6+ 4HNDIA 





(uey }) - 8409 31) / (UeJ IL - peanseaw 31) = 233 


NASA/CR—2002-210823/VOL2 


135 


Sx 218/651 1 ‘Sis °26/81/8 “438488 Cd 





Sle 
: . SOUDU| ‘BUI]49JUSD JIZZON Wd IYHIdH [BdYWIA *Z 
y, = 12 
i 
G2 0———— K, e* ee 
‘ Se ees etd axe “oe : ; . . : : 
ae : a! I\\ Ee cee 
71) we : <a ; a , : i os “iat {Qe 
erie yee Pron : 
Chea at : ae . ce © i | : i 
SLO Ta / 
| 
Gh eee 


L6SL1 # 
Bpy ‘sisa, awinig/J9XIIW NSNODy DHET-VSVN 9661 ‘SA(UW 270 ‘URAL 210911 622 ‘ueHdN 
29'| ‘a102(HdN bZ'| ‘ujGue7 a1ZZON %0S ‘Z°0=O/X 12 JeXIW Sul|aseg 12) 10) UONNqINSIG B14 


O02 SYNODIS 





(uey 1] - 8409 41) / (UBL IL - POaNseew 41) = 21 


136 


NASA/CR—2002-210823/VOL2 


SX PISBOSLI Alt °26/S1/8 JOR 


SOYIU ‘BUIPJBJUSD BIZZON WO JYBIOH jedWIA °Z 


a 
ene 
el 

a 
- 
Ww? 





gosil # py 
‘'SISB] BLUIN|d/JOXIW WISNODSY DY9T-VSVN 9661 ‘S4(UIN ZO ‘Ue /e10901L 62% ‘UeKHHdNZ8't 
‘aJ09(HdN bZ'} ‘yyGuay 3{ZZ0N %OOL ‘7 0=C/% 18 JOXIW anGuo | jeusajzuy 10j UONNGIISIG ely 


eo AWNODIS 





(uey 1} -9109 31) / (Ue} i, - Peanseaw yL) = 243 


137 


NASA/CR—2002-210823/VOL2 


spcelagpsl t-Bu :26/8b/8 Jakea 


GO >t 
[0 
Syn See Se 
i? 
S20 
30 
of —o— 


SOYDU ‘BUIIOJUSD BjZZON WO JYHIBH [Bd1V9A ‘2 


ZySLl # 
Hpy ‘SIS@1 SWIN|_/JOXIW IISNODY DH81-VSVN 9661 ‘s4(UW 770 ‘UeH11 210901 62'2 “UeYdN 
79°| ‘e100(HdN vZ'b ‘4yiHue7 8|ZZON %O0O! ‘S°O=C/x Ve JOXIW daeg 10z 10} UONNqiysig 813 


ca AYNOIG 





(ue} 31 - 2409 41) / (UB} UL - PoaNseaw }1) = 213 


138 


NASA/CR—2002-210823/VOL2 


Figure 23 not available at time of printing. 
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100% L 
Condition* 


creme =—(TCOnNMoOO WP 


75%L 
Condition* 
A 


renee TanmMoe | w 


50%L 
Condition’ 
A 


rR TQ MMOOD 


M(fi)* 





M(fj) 








CONF* 
287 
288 
290 
291 
295 
294 
293 
292 
296 
297 
298 
299 


CONF 


CONF 


Table 3.1 1996 NASA Acoustic Test Matrix 


12CL 
415 
416 
417 
418 
423 
421 
422 
419 
424 
425 
427 
428 


12CL 


12CL 
269 
270 
271 
272 
276 
275 
274 
273 
277 
278 
279 
280 


42UH 
138 
139 
140 
141 
145 
144 
143 
142 
146 
147 
148 
149 


12UH 


12UH 
213 
214 
215 
216 
220 
219 
218 
217 
221 
222 
223 
224 


Reading Numbers 


12TH 
386 
387 
388 
389 
385 
384 
383 
382 
375 
379 
380 
381 


12TH 
469 
470 
471 
474 
473 
472 
475 
476 
477 


12TH 
396 
397 
398 
399 
403 
402 
401 
400 
404 
405 
406 
407 


16UH 


101 
102 
103 
104 
108 
107 
106 
105 
109 
111 
112 
113 


416UH 


16UH 


120 
121 
122 
123 
127 
126 
125 
124 
128 
129 
130 
131 


20UH 


443 
442 
441 
440 
436 
437 
438 
439 
435 
434 
433 
432 


20UH 


468 
467 
466 
465 
464 
463 
460 
461 
462 


20UH 


318 
319 
320 
321 
325 
324 
323 
322 
326 
327 
328 
329 


* See Table 3.2 (next) for explanation of operating conditions A -L ** M(fj) = Free-jet Mach number 
* See Table 3.3 for mixer-code nomenciature 
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20MH 


337 
338 
339 
341 
345 
344 
343 
342 
346 
347 
348 
349 


20MH 


20MH 


356 
357 
358 
359 
363 
362 
361 
360 
365 
366 
367 
368 


20DH 


233 
234 
235 
236 
240 
239 
238 
237 
241 
242 
243 
244 


20DH 


456 
455 
454 
453 
452 
450 
447 
448 
449 


20DH 
250 
251 
252 
293 
258 
257 
255 
254 
259 


261 
262 


Table 3.2 1996 NASA Acoustic Test Matrix 


Nominal Operating Conditions 


NPR(fan) NPR(core TTR 
a2 1.17 2.21 


1.44 1.39 2.34 
1.61 1.54 2.62 
2.79 







Table 3.3 Mixer-Code Nomenciature 


[——Wixer Code [Mixer Description 


Confluent 
42-lobe with cut-outs & low penetration 

12-lobe unscalloped & high penetration 

12-pair tongue mixer 

16-lobe, unscalloped & high penetration 

20-lobe, unscalloped & high penetration 

20-lobe, moderately scalloped & high penetration 
20-lobe, deeply scalloped & high penetration 
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NPRCA 
WPACT 
ATTCA 
APTCA 
APSCA 
NPRBA 


ATTBA 
APTBA 
APSBA 
RTTA 
AVMEX 
PAMB 
TA 


WBACT} 
WBACT2 


VEXITA 


No ture for Aer ic Data 


Nozzle pressure ratio of core stream 

Mass flow rate of core stream (lb/s) 

Total temperature of core stream (°R) 

Total pressure of core stream (psia) 

Static pressure of core stream (psia) 

Nozzle pressure ratio of bypass stream 

Mass flow rate of bypass stream (Ib/s) 

Total temperature of bypass stream (°R) 

Total pressure of bypass stream (psia) 

Static pressure of bypass stream (psia) 

Total temperature ratio between core and bypass streams 
Free-jet Mach number 

Ambient pressure (psia) 

Ambient temperature (CR) 

Ambient relative humidity (%) 

Mass flow rate of main bypass stream (Ib/s) 
Mass flow rate of additional bypass stream (Ib/s) 
Calculated exit jet velocity (ft/s) 
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Y -3.41f 1009.7 
| 0.85] 960.1 


BACT | 
|__ 0.49 
| __ 0.49) 
| ___ 0.49 
| 14.58 
| 45.391 
|__ 8.48 
| 10.41 
| 14.88) 
|__15.43 
|__ 15.29 
12.47 
16.27 
| 15.31! 


| 498.6] 64.668 


18.85] 2.25 
10.82} 2.34} 9.068 


a2 
17, 


498.5 
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[9.39 
[13:88 
15.4 
15.19 
15.27 
| _9.04 
| __ 13.92) 






41.751 
48.983 
3.875 
$1.63 
.03 
9.994 


} 502.6) 48.699 
| 501.5] 48.723 


| 14.34 
0.077} 14.34] 501.2] 49.583 


9.296] 14.331 509.3] 48.706 
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